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ABSTRACT

Decontamination is rapidly becoming an engineering discipline within the
nuclear power industry. The decontamination engineers must design the most
optimum technique considering the goals and objectives of the nuclear site.
The engineer will also have secondary technology available and procedures
prepared in case it needs to be implemented. The decontamination engineer
is identifying new uses for the technology. A recent use for decontamination
is its use as a volume reduction technique. In all applications the technology
must be engineered in order to be cost effective.
I. INTRODUCTION
Historically, the decontamination of radioactively contaminated components
has been viewed as a singular and simple procedure. During the early development of the nuclear power industry less stringent regulations concerning manrem exposure and radioactive waste disposal, helped to foster this attitude
regarding decontamination technology. Recent concerns over man-rem exposure,
the implementation of ALARA as well as the increased costs associated with the
packaging, transportation, and burial of low-level radioactive waste, has propelled decontamination into the area of a precise engineering technology.
In the past, decontamination has been employed as an ALARA technique.
Recently, a number of corporations have employed decontamination technology
as a viable and economically attractive volume reduction alternative.
The concern for man-rem exposure reduction, as well as the costs associated with radioactive waste disposal, has spurred the advancement of new decontamination techniques. With a knowledge of the available decontamination
techniques and an appreciation of the removal mechanisms, the decontamination
engineer can maximize the decontamination factor, while minimizing radioactive
waste generation, associated decontamination costs, man-rem exposure, and
down-time.
Employing decontamination engineering significant economic and social
benefits can be obtained for the nuclear community in four strategic areas:
o ALARA for maintenance and operation
o Management of waste and waste forms

o Accident response
o Decontamination for Decommissioning
A decontamination engineer employs the optimum technology for the desired
results of each project. The application of the engineered system may involve
the deployment of a number of different techniques in series to achieve the
desired results.
Many of the early decontamination developments and techniques that were
developed with nuclear technology are still currently employed. A good historic reference of the development of decontamination technology was edited
by J. A. Ayres and written by the technology experts of the time.^ Additional
information concerning the more recent decontamination developments and experience are found in "Decontamination and Decommissioning of Nuclear Facilities'V
and inJ an EPRI review of plant decontamination experience published in May
1981, These reviews, with the references contained therein, identify the
majority of the public decontamination information available through 1980.
II. DECONTAMINATION ENGINEERING
Prior to employing a decontamination technique, preliminary planning and
engineering should be performed. Some information that must be included in
the initial engineering studies are:
o
o
o
o

Objective for the decontamination program
Available work area for the decontamination equipment
Time constraints associated with the process identified
Volume and type of radioactive waste generation and its compatibility
with plant treatment systems
o Size and geometry of the component
o Distribution of contamination on the component and through the depth
of the film
o Identification of the mechanisms of contamination

With a knowledge of chemical, electrical, and mechanical methods of decontamination and with input from the nuclear facility, the engineer will design
the optimum decontamination system available. This design will maximize the
decontamination factor while minimizing radiation exposure, radioactive waste
generation and facility down-time. The decontamination engineer will identify,
not only the optimum decontamination technique to be employed, but also the
decontamination backup or secondary techniques which must be engineered into
the system as an insurance measure.
Most decontamination problems occur because of insufficient planning or
understanding of the contamination mechanisms. The engineer must know if the
contamination is associated with the loosely adherent corrosion products or
the tightly adherent corrosion film. The technique chosen for a particular
surface will be dependent upon the mechanisms of contamination and the prevalent system environment. A technique such as hydrolasers or ultrasonic baths
will remove the loosely adherent layer. Chemical or electrochemical techniques
must be employed to remove the tightly adherent corrosion layer and the associated contamination. The decontamination engineer will determine the contamination mechanisms and specify the optimum technique.

The use of ultrasonics as a decontamination technique has been misunderstood for a number of years and is a typical example to explain the
usefulness of a decontamination engineer.
Most commercial nuclear facilities in the United States have had at least
some experience with the use of ultrasonics
as a decontamination technique
which has been met with mixed results.4 The differences in the effectivness
is due solely to the method of application.
The ideal ultrasonic decontamination technique employs water as the
solvent with an addition of a cleaning and/or wetting agent. The concentration
ofdecontamination chemicals should be on the order of 2 to 5 weight percent
and the temperature of the solution in the range of 65 to 75°C in order to
achieve maximum cavitation. The ultrasonic tanks are designed to provide
continuous recirculation of the decontamination solvent through a cleanup,
filter, system. The filter should be shielded in order to provide radiation
exposure reduction to the operator.
The removal of suspended particulates in the ultrasonic solution allows
maximum cavitational intensity at the surface to be cleaned. Recirculation
rates should be less than 2% of the solution volume per minute since higher
flow rates may introduce solution turbulence which will interfere with the
ultrasonic waves and will tend to reduce the decontamination efficiency.
If a decontamination engineer was employed to design and start up the
system, the essential variables that yield high decontamination factors would
have been identified and the processes engineered for optimum performance.
The decontamination of a reactor coolant system component is another
example of the application for a decontamination engineer. The composition
of a corrosion film formed on the surfaces of a reactor coolant system component is different for a boiling water reactor and a pressurized water
reactor. The differences in the corrosion film is a result of the different
water chemistries and the variations in the materials of construction. '/j
Boiling Water Reactors (BWRs) have an oxidizing environment in the reactor
coolant compared to pressurized water reactors (PWRs). The main materials
of construction of a BWR are 48% Zircaloy, 44% stainless steel, and 8% carbon
steel. On BWR out-of-core surfaces, the main corrosion products are hematite
(Fe^C^) and nickel substituted magnetite (Ni x Fe5.jj.O4) (0_< x < 1) in the inner
crude layer.
In PWRs chemicals are acded to the reactor coolant which control oxygen
and pH. In PWRs the materials of construction are 20% Zircaloy-4, 75% Inconel
600, and 5% stainless steel. The primary coolant system corrosion film is
principally composed of a nickel substituted ferrite (Nix Fe3_ x 04). The
magnetite film also has high concentrations of chromium substituted in the
lattice structure. The presence of the chromium in PWR films appears to be
the main difference in the decontamination effectiveness of various decontamination solutions on BWR and PWR corrosion films.
The high chromium content in PWR films is believed to act as a barrier
to the attack of the normal chelating decontamination reagents. The chromium,
which is in the +3 water insoluble oxidation state, must be removed in order

that the chelating agents can attack and remove the nickel substituted ferrite
structure. Historically, the chromium is removed by the addition of alkaline
permanganate which oxidizes the chromium +5 to the more soluble chromium +6
state.§ Before the chelating (decontamination) reagent is added to the system,
the alkaline permanganate must be removed by thorough rinsing or by destruction
through the use of a sacrificial reducing agent. Any alkaline permanganate
remaining on the surfaces after rinsing will reduce the concentration and thus
the effectiveness of the reagent. Once the chromium protective layer is removed, the remaining corrosion layer in both reactor systems behave similarly.
There have been instances where high chromium films have been observed on
BWR surfaces which must also be pretreated in order to achieve acceptable
decontamination factors. The decontamination engineer is knowledgeable of
the parameters affecting reactor coolant system component decontamination.
The engineer will examine the corrosion films, where possible, in order to
determine the optimum decontamination reagent or reagents. The compatibility
of the generated radioactive waste with the treatment facilities must also be
examined during the planning stages of the process.
When situations arise which were not expected or in which the contamination
was not removed by the chosen technology, the decontamination engineer will
have additional technologies available to remove the contamination successfully.
The backup technologies may generate more waste than the primary technology or
may be slightly more aggressive to the materials of construction. The backup
technologies may also take longer to apply than the primary technology. However, the radioactive contamination will be reduced.
Nuclear facilities have applied decontamination techniques because they
have had success in a certain area. The new area may be a different type of
surface in which the decontamination technique will not produce as large a
D.F. If a decontamination engineer was consulted, the procedure may have been
altered to achieve a suffessful program. By improvements in the decontamination
factor, reduced time for the decontamination, or reduced radioactive waste generation, the decontamination engineer can pay his way during a refueling outage,
emergency or planned maintenance or repair, or an emergency spill.
III. DECONTAMINATION TECHNOLOGY
The concept of decontamination engineering is multi-faceted, however, most
tasks can be classified as follows:
o Miscellaneous Tools and Equipment
o Removable Components
o Isolable Components
During the early engineering phase, an understanding of the mechanism of
the contaminants adherence to the surfaces is critical in engineering a successful decontamination program. If the mechanism of adherence is not properly
understood by the engineer, the contamination may not be removed and the
attempted decontamination may actually create a higher radiation level in
certain areas.
The•radioactive contamination is associated with either a loosely adherent
corrosion film layer or a very tightly adherent corrosion film. Thus, it is
often required that different types of decontamination technology must be applied
to remove these separate layers.
4

In order to remove the loosely held corrosion layer, enough energy must
be impacted on the surface to overcome the bonding forces. Such techniques
are ultrasonic baths, high pressure hydrolasers, and high pressure freon
cleaner, which for the most part, remove only the loosely adherent contamination. The tightly adherent radioactive contamination is held by covalent
bonds within the corrosion film layer necessitating a more aggressive decontamination technique. Aggressive chemicals, hand scrubbing with chemicals or
abrasive pads, or elelctrochemical decontamination techniques are best suited
to remove this corrosion film layer. These aggressive techniques may remove
a small amount of the base metal.
There are subtle differences associated with all of the various techniques. The decontamination engineers incorporate these subtilties into an
optimum operating system for the decontamination program and the operating
plant.
.
Once the surface condition is recognized and the goals and objectives
are understood, the decontamination engineer can identify the proper technology to apply to the problem.
A. Miscellaneous Tools and Equipment
Historically, the two main decontamination techniques employed for
miscellaneous tools and equipment have been hand scrubbing and ultrasonics.
These techniques have been time consuming, often misused, and have led to high
man-rem exposure. The decontamination factors obtained have been acceptable
if applied properly. The technique has not obtained the acceptable decontamination factor only if the procedure was misapplied or not properly designed.-5
Recently new and novel decontamination techniques have been applied to
miscellaneous tools and equipment. These techniques are vibratory decontamination, electrochemical decontamination, and high pressure decontamination
employing freon or water.10 These techniques, some of which will be discussed
in this topical meeting, are more consistent in achieving an acceptable decontamination factor. These techniques employ technology to perform the job as
opposed to manpower. Ultrasonics employs technology also, however, the procedure needed to achieve the acceptable decontamination factor is more prone
to errors than the other technology methods mentioned. Vibratory decontamination and electrochemical decontamination will remove both the11loosely
adherent corrosion film and the tightly adherent corrosion film. ' 12 ' 15 The
high pressure techniques will only remove the loosely adherent corrosion film.
If electrochemical or vibratory equipment is purchased for use at a plant,
the personnel who operate the equipment must be thoroughly trained in order
to reduce the possibility of damaging any equipment. Numerous vendors provide
these decontamination techniques and services to the nucles.r industry.
B. Removable Reactor Components
Numerous decontamination techniques are currently employed to decontaminate removable reactor components. These techniques include:
o Acid Bath
o Electrochemical

o
o
o
o
o
o
o

Grit Blasting
Hand Scrubbing
High and Low Concentration Chemicals
High Pressure Cleaning with Freon or Water
Steam Cleaning
Strippable Coatings
Ultrasonics

The techniques that are employed most often for removable reactor components are high and low concentration chemicals, high pressure cleaning
employing freon or water, and ultrasonics, The actual decontamination technique employed is not only a function of the type of corrosion film on the
surface to be decontaminated, but also where in the film the contamination
resides.
The technique employed is also a function of the other parameters discussed previously in this report and elsewhere. 1»3 However, as a simple rule,
if the contamination is associated with the loosely-held smearable film, a
high pressure decontamination technique or an ultrasonic unit is most often
employed successfully. If the contamination is associated with a tightly
adherent corrosion film, high or low concentration chemicals are most often
employed. Some of the removable components that have been successfully decontaminated include spent fuel racks, a variety of valves, reactor coolant pumps,
torus scrap, pump seals and casings, feedwater spargers, pump impellers, fuel
handling equipment, and storage tanks.
The other decontamination techniques mentioned previously have also been
employed effectively at nuclear power stations, however, they have not been
employed extensively. Decontamination factors reported from the use of these
techniques range from S to greater than 100. All of these techniques have
specific application or require specific equipment. More detailed information
on these technologies can be obtained by consulting references 1 and 3.
C. Decontamination of Isolable Components
Two decontamination techniques have been extensively employed in the
reactor coolant system and other isolable components. These two identified
techniques are high and low concentration chemicals. ^, 15,16 Recently hydrolasers and electrochemical decontamination have been employed in the decontamination of various isolable components. Chemicals are normally employed
to decontaminate these surfaces and decontamination factors of from 4 to 25
are achievable depending on contact time, flow rates, and geometries. Low
concentration reagents generate less waste than high concentration reagents
since the low concentration reagents are purified by ion exchange resin. The
high concentration solutions must be volume reduced and then solidified for
disposal.
Solutions are currently under development for pressurized water reactors.
Currently all plant experience with chemical reagents is with boiling water
reactors. By the time of this topical symposium, one or more reagents are
expected to have been demonstrated on a steam generator channel head.

IV, SUMMARY
Historically, decontamination technology has been viewed as a singular
and simple procedure to reduce man-rem exposure. As new technologies are
developed and different components decontaminated in high radiation fields,
the engineering aspects of decontamination must be considered and applied.
Not only must the decontamination be engineered to produce a high decontamination factor, but must not impose an undue burden on the balance of the
plant. Simply said, the decontamination must be engineered in an optimum
manner which may be different for each plant depending on their goals and
objectives. Backup decontamination technologies must be available depending
on critical path consideration and near term man-rem exposure projections.
Decontamination technologies can be classified into three catagories:
1) Miscellaneous Tools and Equipment; 2) Removable Components;
3) Isolable Components. Within these categories decontamination techniques
can be further divided into methods for removing 1) the loosely adherent
contamination, 2) the tightly adherent contamination, and 3) both types
of contamination. The type of corrosion film that the contamination is
associated with is critical in engineering the optimum technique.
Decontamination has been viewed as a man-rem reduction technique or as
a decommissioning tool. Recently decontamination has been employed as a cost
effective volume reduction technique and components have been decontaminated
to releasable levels cost effectively. This reduces or eliminates the disposal costs that may otherwise have been incurred. I? Decontamination technology has also been employed in order to recycle materials and components.
In this mode the material would be decontaminated and sent to a vendor for
refurbishment and thus reduce the time for replacement as well as the associated costs.
Decontamination engineering must be performed when applying this technology at a nuclear site in order to achieve optimua results in all areas of
the program. All plants and programs are unique in their own way and the
information must be reviewed in order to achieve the most favorable results.

V.
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ABSTRACT
In this paper, the different possible rate controlling processes in the
dissolution of metallic oxides are examined. In particular, the following
situations are assessed: mass-transfer control; coupling of mass-transfer
and reactions at the interface; interface equilibration with the solution;
various interface disruption and reconstruction phenomena.
For each of the above mentioned cases, the influence of variables such
as reagent concentration, temperature, pH, fluid hydrodynamics and general
and specific catalysts is discussed. Depending upon the particular situation
it is found that a more rational basis for the development of reagent is given
by these considerations.
The influence of chelating agents on both the thermodynamics and kinetics
of the process is discussed, and the results of experimental studies in batch
on magnetite and various ferrites are presented and discussed. For this purpose, several reagents were studied, including some very effective ones like
thioglycolic acid, and others commonly used in actual decontamination, like
ethylenediaminetetraacetic acid and oxalic acid- The relation to other
(reductive) chemical decontamination procedures J.S discussed.
The relevance of these studies to decontamination of metallic surfaces is
discussed.
INTRODUCTION
In order to achieve a successful chemical decontamination, it is required
that we dissolve the iron based oxides which make up the scale grown and
deposited on the base metal, in a reasonable time span, without causing
excessive corrosion to the underlying material.
Several mixtures of chemical reagents have been employed which try to
attain this goal. It is the purpose of the present review to rationalize the
requirements to be met in the formulation of a decontaminating agent, on the
basis of thermodynamics and chemical kinetics.
Of course, a satisfactory reagent must be thermodynamically capable of
dissolving the metal oxides; therefore the influence of possible variables
on the thermodynamic feasibility of dissolution must be understood. This is
going to be the first point of this presentation; this is also the best known,
although it needs some points to be made clear.
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The second requirement for a reagent is to be able to dissolve the oxide
in a reasonable time; kinetic considerations are of prime importance, and, as
will be discussed, this is many times unrelated to the thermodynamics of the
problem, although in certain situations (e.g. mass transfer control) a link
may be established between both aspects.
The third requirement, the safety of the structural material, shall not
be discussed in this review.
THERMODYNAMICS OF DISSOLUTION
The first question to ask in order to understand the mechanism of dissolution of an ionic oxide, is about the thermodynamic feasibility of the
process under study. This is a rather straight-forward problem, which can
be solved if appropriate thermodynamic quantities are available. We shall
illustrate the calculations by making reference to magnetite, and its
solubility in various solvents.
In fact, the most arduous task in this case is to define the process to
which the term "dissolution" refers. In activity transport problems, i.e.,
under hydrothermal conditions in almost pure water in mildly alkaline media
and under reducing conditions, the most likely equation representing the uptake
of soluble iron by the fluid from solid magnetite is the well-known and muchdiscussed equation (1) (see, e.g., Refs. 1-4):
Fe 0,(s) + H (aq) + 2H 0(1) •*• 5Fe(II)(aq) + SOH (aq)

(1)

which of course can be written in other equivalent forms.
This way of achieving dissolution of magnetite is however not used in the
older ("classic"?) methods of decontamination, although it is indeed relevant
in discussing the LOMI process (vide infra). Most of our discussion will
refer to decontamination in acidic solutions containing carboxylic acids, which
may also be reductants, but do not usually act as such. In these conditions,
the relevant dissolution of magnetite would be:
Fe 3 O 4 (s) + 8H

(aq) •*• 2Fe(III) (aq) + Fe(II) (aq)

4H2O(1)

(2)

Species containing Fe(II) and Fe(III) may include Fe
and Fe , t h e i r
hydrolysis products, FeOH+, Fe(OH) 2 , Fe (OH) , Fe(OH) ~ , Fe(OH)2 , Fe(OH)
Fe(CH)4, Fe?(OH) **+, complexed species such as F&JDTA", FeEDTAH, Fe(OH)EDTA2~
Fe (OH) 2EDTA'3 , and {Fe (OH) (EDTA) }"*", in the case of ethylenediaminet e t r a a c e t i c acid s o l u t i o n s . Obviously, the " s o l u b i l i t y " of magnetite as
defined by equation (2) w i l l be very s e n s i t i v e t o pH through the e q u i l i b r i a
r e l a t i n g the species j u s t mentioned as well as the p r o t o l y t i c e q u i l i b r i a of
the ligand (at l e a s t four d i f f e r e n t species in the case of EDTA).
The relevant equilibria are, besides eq(2):
Fe 3+ + p HO

Fe(OH) ( P
p

n+
L
+ qH

(n-q)LH.

3 )

+ pH K

p

(3)
(4)
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FeJ
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+
+

r L
pH O
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r L

••
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+
•+-

Fe L
Fe(OH)

Q

+ pH
p

•*•

Fe L

p
K
p
6'

,,..

(5/
(6)
(?'

Near room temperature, the thermodynamic quantities needed to calculate
the solubility of magnetite are in general available; 5'6 such calculations
are performed through equations of the type
L = (Fe3+) {1 + E K (H+)~P}
f
P P
(Fe(III)
= (Fe3+) E
S (Ln~)r =

(8)

Q (lf) H | "}
(Fe(III))t = (Fe(ID)

+ (Fe(IlI))c

(9)
(10)

where the subscripts f, c, and t stand for free (including hydrolyzed),
complexed and total iron species, respectively. Similar equations relate
(Fe(II))., (Fe(ID) and (Fe(II)) . In these equations we have ignored the
occurrence of dimeri. The enhancement in solubility by the chelating agent
arises of course from the fact that (Fe(III)) in the media we are dealing
with is usually much higher than (Fe(III))..
In equations (8) and (9) (Fe3 ) stands for the concentration of Fe 3 .
In fact (8) and (9) should include activity coefficients, but we shall ignore
this for our calculations. If the solution is saturated, (Fe3 ) should be the
equilibrium value, which can be calculated from thermodynamic data including
the measured solubility of Fe O , or in view of this not being available at
room temperature, the solubilities of FeO(s) and a suitable ferric oxide,
e.g. ct-Fe 0 :
Fe 0 *
a -

a = Fe 0

Fe2O

FeO + 2H +

+ FeO

(11)

+ 2 Fe(III) + 3 H O

(12)

+ 6 H+
t Fe(II)

+

HO

(13)

3y adding (11) , (12), and (13) , the relationship
K. + K
x K
x K
is apparent. Alternatively, K. can be calculated directly
using standard ionic Gibbs energies of formation. This latter procedure has
been used to obtain the values shown in Table 1. Calculations through
eq. (3)-(10) have also been carried out for different reagents and oxides. This
is shown in Table II: it can be seen that from thermodynamics alone, magnetite
should be easily soluble in not very acidic solutions of these reagents.
When the influence of pH is explicitly taken into account, the straightforward calculations described give rise to curves like those shown in Figure 1.
Thus, increasing acidity favours dissolution of the oxide through the explicit
dependence on acidity of equation (2) but arrests the effectivity of the complexing agent, and thus decreases the value of (Fe(III)) . Similar calculations
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for simple oxides have been described previously for decontamination problems.7
A very important point to take into account at this stage is that magnetite
is not stable in the thermodynamic sense in acidic solutions, and it should
suffer a phase transformation to o- F e 2 0 (or eventually FeOOH) 8 . The solubilities of magnetite and haematite, according to equations (2) and (11), in
the absence of complexing species, are shown in Figure 2. It can be seen
that below pK + =9, magnetite should dissolve with concomitant precipitation
of ahematilje:
FeO

+ 2H +

+• - Fe 2 O

+ HjO + F e 2 +

(14)

Thus, an effective complexing agent must not only achieve the dissolution of
magnetite, but also prevent the formation of hematite. Figure 3 shows that,
in the titration of Fe(III) and Fe(II) mixtures, it is indeed true that
hematite forms at lower pH values and it transforms to magnetite at higher
pH values. 9
THE MECHANISM OF DISSOLUTION
The general ideas involved in the dissolution of an ionic oxide by a
non-complexing acid have been put forward by Engell, 10 by Wagner and
Valverde 11 '^2 and by Vemtilyea. 13 Basically, it is assumed that both ions
(M
and 0 2 ) must be released into solution at equal rates in steady state.
Prior to achieving such steady state, however, one type of ion will be
preferentially dissolved, and the surface will acquire a potential which is
defined precisely by the comparative intrinsic rates of dissolution of anions
and cations.
In this scheme, there is a characteristic potential under which the rate
of dissolution is highest - this is the freely dissolving potential; at more
positive potentials, release of cations will be rate determining, whilst the
reverse is true at more negative potentials.
The dissolution of an oxide is not achieved by simple transfer of
cations and oxide anions to solution; rather, in the transfer of oxide ions,
protons are very likely to be involved, and several situations have been
envisaged. If the slow step is the transformation of a surface oxide group
to a hydroxide group by reaction with a proton, Vermilyea13 has predicted
for the rate of dissolution of divalent oxides a one-half power dependence
on the proton concentration. Table III shews the expected power dependence
of the rate of oxide dissolution on proton concentration, according to
standard electrochemical kinetics, under various possible rate determining
stsps for various types of cationic charges. It is interesting to compare
actual data in systems more relevant to our ends with these very simple
predictions. In figure 4 we show the pH dependence of the specific rate of
dissolution of magnetite with thioglycolic acid.11* It is obvious that the
dependence is not simple, but the less acidic branch, where the rate increases
with decreasing pH, has been interpreted by us as reflecting the protonation
of sites on the surface, as suggested by one of the possibilities in Table III.
The more acidic branch is typical of the complications that may arise in
complex systems, such as those used in decontamination. This is discussed
further below.

- 4 -

13

In Figure 5 we show the dependence of the rate of dissolution of
magnetite with sulfuric acid at temperatures close to 90 C. There seems
to be a parallelism of the proton absorption isotherm with the rate/acidity
profile, thus supporting the idea that rates of dissolution are sensitive
to the pH through the protonation equilibria of the surface.15
Although pH is indeed very important in determining the reaction rate,
the mechanism is in fact much more complex than the simple electrochemical
ideas might indicate; thus, Jones, Segall, Smart and Turner 15 have called
attention upon the fact that the dissolution of MgO is very sensitive to
the concentration of Mg 2 and other cations in solution. This has been
interpreted as an indication that in this case the rate determining step
would be the transfer of water from the interface to bulk, and that this
transport could be mediated by Mg 2 .
Having very rapidly discussed the influence of pH on the dissolution
mechanism of oxides in simple solutions, we proceed to what is known about
the influence of the surface under attack. This is crucial, if the results
obtained with model systems are to be transferred later to real oxide scales.
Jones, Segal, Smart and Turner have measured the rate of dissolution of NiO
annealed at various temperatures.l7 The higher the annealing temperature,
the lower the dissolution rate; this is due to two effects, the first and
obvious one being the reduction in area during annealing. A more subtle
and yet fundamental aspect is the reduction of the rate per unit specific
area, which the authors attribute to the semiconducting properties of the
oxides under study, electron transfer to the conduction band and from the
valence band being involved in the dissolution process. Annealing decreases
the availability of holes in the valence band on the surface, and the rate
of dissolution decreases accordingly.
Similar drastic reductions in rate of dissolution have been observed
by us in the case of nickel ferrite dissolution by thioglycolic acid
solutions.18 In Figure 6, we compare the dissolution profile of two samples
of nickel ferrite, one of which had been calcinated to 800 C for several
hours, whilst the other had never been subjected to high temperatures, and
furthermore, had been equilibrated with solution prior to the addition of
thioglycolic acid.
The important conclusion to draw is that the long hydrothermal aging to
which they are subjected, together with the probable contribution of radiation
fields to decrease electronic defects, will make the actual scale more resistant to dissolution, and actual rates measured on model corrosion products
should not be transferred directly. On the other hand, trends of reactivity
can in general be safely transferred, and studies on model systems are
powerful design tools for decontamination procedures.
The importance of detailed structure in the surface is shown when the
various elementary steps involved in transfering an ion from the solid to
solution are taken into account. These various steps are indicated in
equation (15) and depicted in Figure 7.
M n+ (kink) *

M n+ (ledge) % M n+ (ads) % M n+ (bulk)

(15)

Thus, the availability of kinks and the transfer of ions to ledges, and from
these to the interfacial layer are affected by the details of the surface.
Fortunately, in many cases, the last step controls the overall rate, and we
do not have to worry much about the previous stages.
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Next, the very important aspect of the interfacial physical chemistry
of the system oxide/decontaminating solution has to be examined. There is by
far ample evidence that adsorption desorption phenomena are very important in
the actual mechanism of dissolution. This is especially true when dissolution
by complexing agents is considered. Usually, carboxylic acids (and related
chelants) interact strongly with metal oxides. 19 2 Z The fjrst stage of the
interaction is the adsorption of one or more of the LHg n
ions on the
charged interface. This adsorption is by no means purely electrostatic,
although electrostatic contributions are important. Adsorption can be
characterized by several techniques, including mobility measurements, potentiometric acid-base titrations of the interface, and direct adsorption measurements
by conventional techniques. In the next Figures (Figures 8, 9, and 10) we
show the results of our studies 22 of the interaction of EDTA with magnetite
as a function of pH, In summary, one could say that the results show a high
affinity for adsorption, in the acidic pH range/ and a very low rate of dissolution. Thus, the adsorption of EDTA blocks the possibility of release of
the complexed iron ions, and EDTA by itself is a very poor dissolution agent.
The strong interaction between oxide particles and polycarboxylic acids
is also highlighted in this Conference by a paper describing the coating of
polymeric carboxylic acids on crud particles,23 This coating conducts not
only to reduced rates of redeposition, but also to reduced rates of dissolution
of magnetite by thioglycolic acid.21*
The relation between chelating ability and rate of dissolution can be
understood by examining again aquation (15). The rate determining step may
be in principle any of the sequential reactions included. The role of a
chelating agent which assists dissolution should be to lower the pertinent
activation barrier. A chelating agent capable of interacting with only one
metal ion (which in fact is not a chelating ligandl) would substantially
increase the rate of generation of M
(ads), and probably, as discussed,
also the rate of the final difussion step. A net rate increase is therefore
expected. If the reagent may on the other hand interact with more than one
metal ion, as is generally expected for polycarboxylic acids, 1 9 it would
increase the rate of generation of Mn (ads), but would also help to keep
strongly bound the "released" ion to the surface. In other words, it would
shift the rate determining step alongside the path indicated in equation
(15). It has been suggested25 that increased rate of phase transfer and
decreased rate of desorption should be both geared, in opposite senses, to
the chelating power of the ligand, and therefore a maximum rate should be
attained at some intermediate value of the stability of the metal-ligand
bond. This possibility certainly merits further experimental assessment.
A very different picture stems when the interaction of magnetite with
oxalic acid is examined.25
Here, although it is not possible to measure the
extent of adsorption because of the fast reaction taking place, the change
in the sign of the mobility of the magnetite particles in the whole range of
pH studied (shown in Figure 11) indicates also that a very strong adsorption
takes place. In the acidic range, this is followed however, by a very fast
dissolution of the solid, see Figure 12. It seems reasonable to infer that
complexation of iron ions by oxalate on the surface does not block the
subsequent dissolution process, probably because of the availability of
only two anchorage sites in the chelant. The overall mechanism is by no
means completely understood yet, but the following reactions seem to be
involved at least to a certain extent:
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1 1

H.

jFe-OH +

OOC-COO(H)

-;Fe-OOC-COO

+ (H)OH

(16)

£
S

Fe(C 2 O )ads

«- ? Fe-OOC-COO

*• -Fe

X
•o-~ c ^o

I X

C

"==• 0

(17)

•*• Fe(C.OJads
2 4
*•

(18)

•*-

O "

Fe(C 2 O )bulk

(19)

The same reactions can be written for Fe(III), although in this case it is
expected that the equivalents to reactions (18) and (19) are slower because
of the charge type. 12 In the absence of other possible pathways, therefore,
it is expected that reactions (20) or (21) should be rate determining:
Fe(III)C 2 0 4

t

Fe(C 2 O )+ads *•

Fe(C 2 O 4 ) + ads

(20)

Fe(C 0 )+bulk

(21)

This is however not the only path through which surface compiexed Fe(III) can
be transferred through the interface. In fact, one of the complex features
of this system arises from the fact that ferrous ions catalyze the reaction.
This is shown in Figure 12, where the kinetics of two similar runs, in one of
which a ferrous salt had been added beforehand, are compared. The long
induction period disappears; the same situation ensues when ferric ion is
added and the system is not kept in the dark, whilst in the absence of light
ferric ion is uneffective in suppressing the induction period. All these
observations indicate that FeC 0 and/or F e ( C O )
are preferentially
adsorbed on the solid, and a fast electron transfer reaction changes it into
Fe(C 0 ) and Fe(C,0 )
and generating Fe(II) in the solid, which is subsequently released, probably as ferrous oxalate. Thus, enhanced adsorption
of oxalate is achieved (through a decrease in its negative charge) , followed
by faster transfer of iron across the interface (ferrous should be released
faster than ferric), and finally a fast diffusion of neutral FeC 0 contributes
to an overall fast dissolution. One important practical consequence of this
study was the development of a solvent with better kinetic behaviour, and
also better protection against pitting (vide infra). 2 7
The catalytic (or autocatalytic) dissolution pathway is summarized in
equation (22) followed by (18) and (19):
Fe(III)C 0

+

Fe(C 0 )ads

* f = (II)C 0

- 7 •ft.

+

Fe(Co0 )+ads

(22)

In this way, the rate determining step is now probably in equations (18) or
(19). Reaction (22), which has been written as an outer-sphere electron
transfer, may in fact involve an inner-sphere mechanism, or even a hydrogen
atom transfer. 28 This reaction is probably fast enough and needs not be
considered as a possible rate determining step. 2 8 It is important to note
that, contrary to previous assumptions, Fe(III) is not appreciably reduced
by oxalate during the course of the reaction in the absence of xight,
A similar mechanism is operative when magnetite is dissolved by solutions
containing NTA or EDTA and ferrous ions. 2 2 ' 2 5 This mode of dissolution could
be better termed "reductive dissolution" and is briefly commented on below.
We have not discussed yet the role of acidity in the dissolution reactions.
Obviously, there are surface acid-base equilibria and chelating agent acid-base
equilibria which may effect the rate appreciably. This was demonstrated
nicely in the system magnetite-thioglycolic acid already mentioned. This
reagent is very effective in interchanging electrons with Fe(ITI) , and therefore,
the role played by ferrous ions in the oxalate system is absent in this case,
and no induction period is detected.11* In view of the fast interchange
between Fe(II) and Fe(III) in the presence of air, 29 we need only concern ourselves with one type of iron ions. It is interesting to note that in thi.s
simple case we have been able to interpret the whole reaction rate/pH profile,
already shown in Figure 4, in terms of the set of reactions given below:
-Fe-OH 2 +

t

Fe-OH

+ H + ads

Ka

(23)

-Fe-OH

t

Fe-O~

+ H + ads

Ka

(24)

CH 2 (SH)COOH
-Fe-OH

t

+ T~

CH 2 (SH)COO~
£

Fe-OH + T ~

t4* ~m

Fe-OH 2 T

+ H+

Ka

(25)

K

2

(26)

SCtS

S low

— -^^

>

Dissolved products

k

(27)

Rate = k (-Fe-OH^T") =
= k K a d s { ^ / ( I H 1 " ! + Ka 3 )HlH + l/'(lH + l + K ^ ) }c T Cg

(28)

In equation (28), C stands for the total (analytical) concentration of thioglycolic acid, and C for the total surface s i t e concentration. In principle,
all the equilibrium constants in equation (28) are available from independent
measurements,
and the reaction scheme is therefore amenable of quantitative
check from experimental results and this precisely what has been done in
Figure 4,
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The final step in equation (15) is in many instances rate determining.
Under these conditions, the hydrodynamics of the decontamination procedure
is of importance. Mass transfer control is described in the present
Conference in a kinetic study of the CAN-DECON process. 30 In the case
of decontamin.'tion of systems, Rodliffe31 has analyzed the implications of
mass transfer of reagents through the boundary layer c'nd within the pores of
oxide film. It is also usual to find situations where the coupling of mass
transfer and interface reactions is such that stirring of the solution, or
changing the Reynolds number, gives rise to significant changes in the rate
of reaction. Thus, even though the process may be controlled by chemical
processes in the interface, it may occur that hydrodynamics is an important
factor.iz The coupling of chemistry and mass transfer is depicted in Figure 13.
In actual decontamination practices, the fate of dissolved iron in bulk
is essentiably determined by equilibrium considerations of the various
possible complexes it may form. It is at this stage that EDTA plays an
essential role in preventing spurious processes, like precipitation of
ferrous oxalate, or oxohydroxy compoundsin dead legs and other troublesome
places.
In summary, in order to achieve a reasonably high rate of scale dissolution a number of sometimes opposed factors have to be taken into account,
and the choice of adequate reagents is not, as might have been considered at
first glance, one among very many suitable combinations; the choice is much
more restricted than this.
The results we have described refer to the dissolution of oxides by
different reagents. In practice, it must be also considered that total
dissolution of scale on mecal surfaces is not really necessary to achieve a
successful decontamination. In fact, we must only detach the corroded layer,
and take due precautions for the fate of the released material. In Figure 14
the typical Potter-Mann double layer of oxides is shown, and it is obvious
that detachment of the outer layer may be achieved with only a modest degree
of dissolution. At present, we are modelling this process, in order to
obtain more quantitative ideas on the required extent of dissolution.33
The Reductive Dissolution of Magnetite
Equation (1) has been analyzed from the thermodynamic point of view by
several authors because of its importance in activity transport in nuclear
reactors. We shall not pursue this aspect here. From the kinetic point of
view, electrochemists have given considerable attention to the cathodic
(reductive) dissolution of magnetite. When an electrode made up of magnetite
is polarized cathodically, iron is released by a process which can be written
as in equation (29):
Fe 3 O 4

+ 8 H+

+ 2e~

*

3 Fe2+

+ 4 H20

(29)

The current voltage profile for the reduction of magnetite has been reported
by Haruyama, Tsuru, and Zaitsu. 33 The current density/voltage profile from
Reference 33 is shown in Figure 15. The positive potential branch of the
peak has been interpreted in terms of equations (30) and (31) being the rate
determining steps:
0H~ s

+ H* t

H2<0

{30)

O'" s

+ H+ t

OH"

(31)
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in view of the fact that this branch is sensitive to pH, with (3E/3pH) =»
HOmV. The negative potential branch is in turn insensicive to pH, and
Haruyama et. ai. suggest that in this region the rate determining step is:
-Fe

*•

Fe

(32)

5

In both cases it is assumed that a surface layer enriched in Fe(II) is
previously formed fast electron transfer.
We have included this description of reductive dissolution of magnetite
because this dissolution mode is of importance in our context in several
aspects. Firstly, in cases where the bare metal comes in contact with the
solvent, cathodic reaction (29) may take place in adjacent magnetite sites,
whilst anodic oxidation takes place in bare metal:
Fe
£
F e 2 + + 2e~
(33)
This phenomenon may lead to severe pitting of the underlying metal and has
therefore to be avoided as much as possible, although there are indications
that this localized corrosion takes place to a certain extent in every
decontamination carried o u t . 3 3 ' 3 6
Secondly, we have already shown that in some cases reductive and direct
dissolution by chelating agents are intimately intertwined? this is often the
case when ferrous ion catalysis of the dissolution is of importance. Related
to this point, Sellers 37 has shown that radiation-induced reduction of ferric
oxides gives rise to highly enhanced rates of dissolution by EDTA. It is
also worth mentioning that Valverde 12 has described the influence of the redox
potential in the solution on the dissolution rate of magnetite in terms of an
equilibration of the Fe(II)/Fe(III) ratio in the solid surface with the solution
potential; thus, the more oxidizing the conditions of the medium, the lesser
the Fe(II) content, and the slower the dissolution rate.
Thirdly, and although this is not the subject of this review, it is
pertinent to mention that the LOMI process is an ingenious application of
equation (29) to achieve dissolution. 38 ' 39 In this case the source of
electrons is also a dissolved species, e.g., vanadous picolinate, V(pic) ,
and much of what has been said of the oxalic acid system is also valid for
the LOMI process.

The Dissolution of Spinel Ferrites
It is rather well known that nickel ferrite is more difficult to dissolve
than magnetite. This statement is indeed true, although it certainly has to
be qualified to take into account factors such as surface specific area. 18
Valverde z has pointed out that in the case of binary oxides, the dissolution
process involves the transfer to solution of two different metal ions, and
it can be expected that each ion is transferred with its own rate. According
to Valverde, 2 and depending upon the conditions, either of both rates, the
slower or the faster, may be rate controlling; in the case of NiFe 0 Valverde
finds that both metal ions are transferred at similar rates in mildly oxidizing
environments; thus the difficult dissolution of nickel ferrite should be
attributed to a slower rate of dissolution of NiO as compared to FeO.
Interestingly, in the presence of strong oxidizing agents, such as Ce(IV),
dissolution is facilitated through the oxidation of Ni(II). It is not
unlikely that this phenomenon is of importance in the oxidizing stage of
the AP-Citrox treatment of stainless steel surfaces.
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Concluding Remarks
In the present review we have gone through the more important features
of the mechanisms of dissolution of oxides by acid chelating agents. The
presentation has been rather academic, but we hope that we have been able
to show the usefulness of such an outlook. Now that the complex features
of the dissolution reactions are becoming clear, it is remarkable to notice
in retrospect how successful were the early attemps of development of decon
solvents, based in some cases in a trial-and-error approach. On the other
hand, the advantages of a rational approach to the problem becomes obvious
when the success of CAN-DECON and LOMI procedures is noticed; both were
developed on the basis of a lot of fundamental research. We hope that
the ideas presented here may prove of value in future additional developments.
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- log (Fe(III))t

Water

0.1 M Pa(II)

0.01 M Fe(II)

.

1

0.276

2

2,715

3.723

3.223

3

4.875

6.963

6,463

4

6.564

9.497

3,997

5

7.955

11.583

11.083

6

9.198

13.447

12.947

7

10.139

14.785

14.360

8

10.845

14.850a

14.850 a

9

11.424

14.772

14.772

10

11.614

14.324

14.324

11

11.186

14.453

14.453

12

10.258

12.468

12.468

13

9.261

11.470

11.470

From pH 8 and up, the solution was taken as saturated with respect
to Fe(OH) 2 .

TABLE I
Solubility of magnetite at 25°C at various Fe(II) concentrations.
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Reagent

. -

, -,.-, ,

_:EDTA

log (Fe(III))t

-4.45 •' "

Oxalic Acid

3.65

NTA

0.58

Citric Acid

0.090

Acetic Acid

-5.15

Formic Acid

-5.61

TABLE II

Solubility of magnetite in 0.1 M solution
of various acids at 25°C and pH = 3.5
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Dissolution Mechanism

Power Dependence on

M-O
+ H+
M-OH +
(Complete)
s
+
2+
M-OH +
+ H
M
+ HO
r.d.s.
s

M-0
OH~

M-O

M-0

+

H+

M

2+

2+

M

+

H+

M-OH

+

H

^

M

OH

+

2+

HO

r.d.s.

HO

1/2

2/3

3/4

4/5

1/3

1/2

3/5

2/3

2/3

1

6/5

4/3

M

2°3

Complex, depending on the
of the constant of the
preequilibrium

(Equilibrium)
+

MO

MO 2

r.d.s.

(Fast)

H+

M-OH +

+

H2O

+

s

s

H+

+

s

M2O

r.d.s.

value

s

TABLE III
Relationship between dissolution mechanism and rate dependence on proton concentration
according to Vermilyea.

LEGENDS TO THE FIGURES
Figure 1:

Solubility of magnetite, expressed as log(Fe(III)) in the
saturated solution, as a function of pH at 25 C, (——)
in
EDTA 0.1 mole dm ; (
) in Oxalic acid 0.1 mole dm

Figure 2:

Solubility of FeO(OHl (•-•••) and magnetite in water (—~\,
in
Fe(II) 0.01 mole dm
M ,
and in Fe(II) 0.1 mole dm" ( ) ,
as a function of pH at 25 C. The two latter curves are coincident
at higher pH values because the solution becomes saturated in
Fe(II) and values shown correspond to equilibrium Fe(II) concentration.

Figure 3:

Titration of Fe(III)/Fe(II) mixtures (ration 2) with sodium
hydroxide. Arrows indicate precipitation or solid phase transformation. (•) experimental points; curves A, B, C, D and E
are calculated according to mechanism given in text for different
values of the ratio K : K .
a

Figure 4:

Dependence on pH of the specific rate constant for the dissolution
of magnetite with thioglycollyc acid at 30°C.

Figure 5:

Dependence on H SO. concentration of the rate of dissolution of
magnetite by this acid at 80 and 90°C.
Insert: Double reciprocal plot showing that rate at saturation
concentration is nearly independent of temperature.

Figure 6:

Rate of release of iron, expressed as dissolution fraction f, of
two samples of nickel ferrite: (•) synthetized in aqueous
suspensions at 90 C, and dried at 60°C; (D) calcinated at 1000 C.
In the first case the F4te is surface controlled, as demonstrated
by the plot of 1-(1-f) ' vs. time (o).

Figure 7:

Surface detachment process: A, kink; B, ledge; C, adatom; D,
dissolved atom. Arrows indicate progress of dissolution.

Figure 8:

Adsorption isotherms of EDTA on magnetite at different pH values.
Data at pH = 11 indicate negligible adsorption and are not shown.

Figure 9:

Speciation in solution of EDTA (full lines) and surface charge
of magnetite in EDTA solutions of two different concentrations
(upper curve, 1x10
mole dm , lower curve, 5x10
mole dm ) :
broken curves.
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Figure 10: D i s s o l u t i o n . rate_of_ma.g_ne.tite i n ..the p r e s e n c e .
.'_:
: . _ _ . - of EDTA .in . t h e a b s e n c e . o f F e ( I I ) a t v a r i o u s
:
pH values. Rates are expressed as volume of HC1 0.1 mole
dm
required to keep constant pH. Ferrous ions released
were quantitatively oxidized by n i t r a t e . (
)/ pH 4.66;
(
) , p H 6 . 5 6 ; ( - . . - ) , pH 8.20 ; ( - . - . ) , pH 8.42.
Figure 11:

Electrophoretic mobility of magnetite in the presence of
oxalic acid as a function of pH. Oxalic acid concentration,
0.1 mole dm . Temperature, 25°C.

Figure 12;

Dissolution rate of''magnetite by oxalic acid 0.1 mole dm ,
(0), with and' iQ.) without added Fe (II) (1.3 x 10~ mole dm ) ,

-3

at O°cr
Figure 13:

Phase transfer rate and desorption rate as a function of
the concentration of adsorbed ion; the depicted linearity is
valid for small driving forces. A steady state dissolution
is achieved when both rates become equal; changes in the
fluid dynamics influence both desorption rate and steady
state rate.

Figure 14:

Schematic representation of the Potter-Mann oxide double
layer. Below, simplified model of the 'sintering' of particles
in the upper layer.

Figure 15:

Reductive electrochemical dissolution of magnetite as taken
from Reference 34. Rate determining steps for each branch of
the peak are as indicated.
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APPLICATION AND EFFECTIVENESS OF
NON-CHEMICAL DECONTAMINATION PROCESSES
H. W. Arrowsmith
Quadrex Corporation
2952 George Washington Way
Richland, Washington 99352
(509) 375-4198

ABSTRACT
The nuclear power industry today is confronted with the problem of
increased need for radioactive decontamination due to the necessity of
replacing or repairing many major components. Coupled with this is
public and governmental pressure to decrease the amount of radioactive
exposure, and to reduce the volume of radioactive waste. In addition,
there is also a strong desire to reduce the monetary costs associated
with decontamination. This paper describes ways in which these ends
may be achieved by the application of a number of different methods of
decontamination. Described are areas of application with indications of
benefits which can be-expected, based on past experience, for a group
of decontamination techniques including: immersion electropolishing,
in situ electropolishing, prepolishing of reactor system surfaces, highpressure water, high-pressure Freon* cleaning, and vibratory cleaning.

^Registered trademark, DuPont Company
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I.

INTRODUCTION

The commercial nuclear industry in the United States is presently
faced with a sharp increase in major, non-routine, unscheduled, plant
maintenance operations. These operations are made necessary by failures
of steam generators, steam condensers, feed water systems, and large
diameter thick wall pipe (due to cracking). All of these components
must be repaired or replaced. Concomitantly, the industry is being
pressured by federal and state regulatory actions to reduce the amount
of radiation exposure, lessen the volume of radioactive waste, and
lower the cost of radioactive waste disposal. The purpose of this paper
is to review ways in which these goals are being achieved through the
application of different decontamination techniques.
II. SUMMARY AND CONCLUSIONS
A number of non-chemical decontamination techniques have been used
to markedly reduce the occupational radiation levels in a number of
nuclear power plants. In addition, the different decontamination
methods have been very effective in reducing the volume of radioactive
waste to be disposed of and, in some cases, the cost of the decontamination has been returned many fold by the salvage value of the
decontaminated items. And one of the decontamination methods (electropolishing) Ins been used to reduce the potential of future contamination
and thereby slow the rate of increase of occupational radiation and
reduce future decontamination costs.
The decontamination techniques discussed include the following:
o
o
o
o
o
III.

Immersion Electropolishing
In Situ Electropolishing
Prepolishing of Reactor System Surfaces
High-Pressure Freon Cleaning
Vibratory Cleaning

NON-CHEMICAL DECONTAMINATION TECHNIQUES
A.

General.

The purpose of this paper is to describe the effectiveness
of a group of non-chemical decontamination techniques in: reducing
radioactive occupational exposure, lowering costs of radioactive waste
disposal, concentrating radioactive waste, and salvaging radioactively
contaminated components for reuse or for unrestricted sale as scrap.
The application of the methods described has proven very
effective in reducing the occupational exposure by- keeping working
tools at a low radiation level, reducing the radiation level of the work
area, and by treating the nuclear plant surfaces in a manner which
prevents the buildup of radioactive levels. Information, data, and
references are presented for each of the aforementioned decontamination
techniques.

B.

Inunersion. Electropolishing
1. Background. Electropolishing is an electrochemical process
used for more than 50 years in the commercial non-nuclear industries
to produce a smooth polished surface which has a higher customer appeal
or a superior technical performance in a chemical manufacturing operation.
In the nuclear industry, this technique has had limited1 use over the
period of the 1940's through the 1960's and increasing use starting in
1978 with the publication of a paper by R. P. Allen and H. W. Arrowsmith2
which described the use of electropolishing to decontaminate
Plutonium-contaminated stainless steel to background levels.
In electrolytic decontamination, the object to be decontaminated
serves as the anode in an electrolytic cell. The passage of electric
current results in the anodic dissolution of the surface material and,
under proper operating conditions, a progressive smoothing of the
surface. Any radioactive contamination on the surface, or entrapped
within surface imperfections, is removed and released into the electrolyte
by the surface dissolution process. The amount of metal removed from the
component surface to effect decontamination is usually less than 0.051 ram
(0.002 in.) in thickness and the metal is removed uniformly with no
preferential attack of grain boundaries or other microstructural features.
In fact, the surface produced by electropolishing usually has better
corrosion resistance and other properties than did the original surface3.
Only a few minutes of electropolishing are required to completely remove
most types of surface contamination. Consequently, use of electropolishing can reduce man-hours and personnel exposure for applications that
normally require decontamination by scrubbing or other labor-intensive
procedure.
2. Recent Experience. Electrochemical decontamination is now
being used on a large scale both to recycle metallic scrap for unrestricted use, and to restore reusable equipment. Major replacement or
improvement programs are now being conducted by U.S. nuclear utilities.
To comply with NRC regulations, owners of Mark I BWR reactors are
strengthening external and internal torus supports and increasing the
number of snubbers and supports for external piping. In accomplishing
the modifications, nominally 68 metric tons of contaminated (100,000
dpm/100cm2) painted steel must be removed and replaced. Rather than
box, ship, and bury the contaminated steel, Quadrex has demonstrated
that paint stripping and electrolytic decontamination will result in
unrestricted release of the material at a cost that is competitive with
burial. In the last year a total of 154.5 metric tons (340,500 lbs.)
of ferrous scrap has been processed. Of that amount, 83% or 128.6 metric
tons (283,450 lbs.) of the original mass of the material has been
released for unrestricted use.
In Germany, seven carbon steel main stream relief valves worth
$1,500,000 were decontaminated for less than 10% of their replacement
value. This marks the first time in the German nuclear industry that
electrochemical decontamination techniques were used to decontaminate
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Class I safety equipment with the approval of the German authority.
In the United States, electrochemical decontamination techniques were
used to decontaminate 6,1 m (20 ft) of the main 711 mm (28 in.) diameter
line from the reactor to the steam generator. After decontamination to
low radiation levels and with NRC approval, the pipe was refabricated
and reinstalled on the Surrey Plant. The use of this decontamination
technique substantially reduced the occupational exposure reuqired to
refabricate the pipes.
C.

In Situ Electrochemical Techniques
1. Background. In situ electropolishing techniques have been
developed for use in decontaminating large tanks, the interiors of long
pipes, pool walls, and other contaminated surfaces that either cannot be
transported to, or immersed in, a conventional electropolishing cell.
This in situ capability is particularly valuable for decommissioning
operations at retired facilities to decontaminate tanks, equipment, pipe
interiors, and other large or immobile metal surfaces prior to dismantling. Three types of in situ devices are normally used on a variety
of decontamination problems. Listed below are the three types with a
discussion of the use for each:
o

Internal Cathode Device. This device consists of a perforated tubular copper or stainless steel cathode section with
insulator-spacers on each end, and provision for pumping
of electrolyte and feeding power through the insulator at
one end. The perforated tubular section permits flow of the
electrolyte to the pipe surface being decontaminated, accomplishing the electropolishing action. This device is used
to decontaminate and/or electropolish the interior of piping.
It can be used with loose tolerance insulator-spacers and
flooding of electrolyte in the pipe, or close tolerance
insulator-spacers with confinement of electrolyte to the
cathode region of the device. For 76 to 152 mm (3 to 6 in.)
I.D. pipe, decontamination rates up to 1.83 linear meters
(6 ft) per hour have been demonstrated.

o

Pumped" Stream Device. This device consists of a perforated,
disc-shaped copper, or stainless steel, cathode facing the
surface to be decontaminated, with an insulated handle for
flow of electrolyte and supply of power. In use, the electrolyte flows out of the end of the device in a stream and
impinges on the surface to be decontaminated, thus accomplishing the decontamination. This device is used to decontaminate spots, corners, and other angular or irregular areas
without contacting the surface with the device. Devices with
pumped streams up to 25 mm in diameter have been used to
decontaminate at rates up to 0.56 m 2 (6 ft 2 ) per hour.

o

Brush Wand Device. This device consists of a perforated
copper, or stainless steel, cathode plate facing the item
to be decontaminated, with an insulated handle for flow

of electrolyte and supply of power. In addition, a flexible,
porous insulator material covers the perforated plate,
providing a sponge type contact with the surface and control
over the flow of electrolyte. This device is used to decontaminate small area (less than 0.186 m 2 ) planar, or slightly
curved, surfaces that require manual rather than semiautomated
treatment. Brush wand devices with surface areas as large
as 103 cm2 (16 in. 2 ) have been used to decontaminate at rates
up to 2.79 m 2 (30 ft 2 ) per hour.
2. Experience. In situ electrochemical techniques have been
used for a variety of decontamination operations. One application was
the decontamination of a corrosion test loop at the Hanford N Reactor.
The carbon steel pipe in the corrosion test loop was decontaminated
using an internal cathode device. The inside of the 69 mm (2.7 in.)
l.D. pipe was electropolished in increments, 610 mm (2 ft) at a time,
using an internal cathode device that consisted of a 610 mm (2 ft)
long, 48 mm (1.875 in.) I.D., stainless steel pipe with nylon insulators
at each end. The electrolyte was pumped through the cathode into the
pipe which was isolated from the primary coolant system by valves, and
returned to the external electrolyte reservoir through a drain line
at each end of the loop.
Each 610 mm section of pipe was electropolished for 20 minutes,
using a current concentration of 0.11 amp/cm2 (100 amp/ft 2 ). The radiation levels inside the pipe before and after electropolishing were measured at 305 mm (one-foot) intervals using a Geiger-Mueller tube. The
electropolishing treatment reduced the average radiation levels in the
less contaminated portion of the pipe by about 4 R/hr. The readings near
pipe fittings, where pockets of contamination had collected, were reduced
by more than 40 R/hr. Electrolyte containing corrosion inhibitors was
used to minimize corrosion of the pipe by phosphoric acid. Ultrasonic
wall thickness measurements and pressure tests at the conclusion of the
decontamination study verified the integrity of the pipe and permitted
its return to service.
Another application was the decontamination of a 19,000 liter
(5,000 gal) liquid radioactive waste tank contaminated with 6 °Co corrosion
products. This tank was decontaminated from 20 mR/hr to background with
no detectable smearable contamination. This was accomplished with only
208 liters (55 gal) of electrolyte. Moreover, 85% of the interior tank
surfaces were decontaminated from outside the tank. This decontamination was accomplished in situ using internal cathode, pumped stream,
and brush wand devices.
D.

Prepolishing of Reactor System'Surfaces
1. Background. Experience of the nuclear industry in the
United States has shown that the contamination level of refueling
cavities after draining is directly related to the surface finish of
the refueling cavity liner. It has been verified by tests that electro-
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polished surfaces have a low relative radioactive contaminability, and
a high decont""minability or decontamination factor2,
2. Experience. Additional testing and analysis 4,s, have
shown that smooth, highly-polished surfaces produced by the electropolishing process substantially reduce the time and personnel radiation
exposure required for subsequent decontamination operations using
conventional cleaning techniques. It was estimated that a saving of
$260,000 per year could be achieved by electropolishing the liner
surface as opposed to leaving the surface of the steel in a hot rolled,
annealed, and pickled condition. In addition, a saving of 83 man hours
of exposure per year (1.6 manrem) could also be achieved.
E. High Pressure Water, or Hydroblasting
1. Background. The high pressure water lance or hydrolaser
consists of a permanant or portable high pressure pumping unit, tank,
water supply line, hoses, and nozzles. The high pressure fluid (<37-9
MPa or <20,000 psi) is directed through a high pressure hose to an
operator-controlled gun or lance. The gun or lance tip can be fitted
with a variety of nozzles designed for decontamination of large planar
or curved surfaces, pipes, tanks, or other structural or equipment items.
The high pressure spray has the advantage of forcing the solution into
narrow passages and small cracks and crevices, thus increasing the decontaminating efficiency of the solution.
2. Experience. The hydrolasing process is very effective for
loosely held surface contamination. Some types of paint can be removed,
as well as scale. In addition, acid can be added to the water to facilitate decontamination by dissolution. Decontamination factors ranging
from 5 to 50 6 are commonly achieved for a wide variety of items such as
those listed below:
o
o
o
o
o
o
o
o
o
o
o
o

Scram header pipe 152 mm (6 in.) I.D.—decontaminated from 25R
to 50 mR
Drains—decontaminated from 52R to 1R
Refueling pool walls
Reactor Coolant pumps
Valves
Steam lines
Fuel handling equipment
Water storage tanks
Spargers
Snubbers
Spent fuel shipping casks
Small equipment items and hand tools

The effectiveness of hydrolasing for decontamination can be improved
through the use of chemical additives such as Radiac Wash 6 .

F, High Pressure Freon* Cleaning
1. Background. Much of the radioactive contamination which
occurs in a nuclear power plant is of the "smearable" type, i.e. the
radioactive material is not chemically fixed to the contaminated item.
The bulk of smearable contamination can be removed by mechanical methods.
One of the most effective and most versatile of the mechanical methods of
decontamination is that of cleaning with Freon 113. Freon cleaning has
proven to be a very effective method for cleaning cloth, plastic, and
rubber items such as hoses, electrical cables, and protective clothing8.
It has also been used to satisfactorily decontaminate such items as hand
tools, electric motors, and communication equipment.
2, Experience. Freon decontamination is effected by directing
a high pressure (1.38 MPa or 2,000 psi) jet of the liquid onto the surface
to be cleaned. The cleaning is usually accomplished with discrete parts
inside of a tool decon machine, in a large remote chamber, or with an in
situ cleaning device for wall and floor.
Cleaaing/decontamination inside of a tool decon machine is
accomplished in two general ways: a hand-held nozzle is used to direct
a jet of Freon 113 liquid over the surface to be cleaned; or, a highpressure Freon spray is held fixed, and the part is positioned under the
spray by remote operation.
Freon 113 high pressure cleaning has been employed successfully at the Palisades Nuclear Power Plant (Consumers Power Company,
Covert, M I ) , Calvert Cliffs (Baltimore Gas and Electric Company, Lusby,
MD) and a number of other nuclear plants in the United States, Germany
and Japan. A large number of items have been successfully decontaminated
at these plants. The items included: aluminum generator dams, stainless
steel shafts, welding cables, hoses, electric motors, and miscellaneous
small tools. The decontamination was so effective that the majority of
the items were released for unrestricted reuse after cleaning. Freon 113
cleaning was followed by electropolishing when necessary to obtain the
desired amount of decontamination.
Cleaning time varies with the size and intricacy of the item.
A general estimate for a miscellaneous group of items is available from
the experience at one plant where some 6,000 tools and components of
various kinds and sizes, with a value of $1,500,000 were decontaminated
in three weeks. The man-hours of time required totaled 1.0077.
G. Vibratory Finishing
1. Background. Vibratory finishing is a surface-finishing
technique that has been used commercially since 1957 to remove burrs,
generate radii, improve surface finishes, and degrease and clean various
metallic and non-metallic objects8. The finishing process takes place in
"Registered trademark, DuPont Company

a vibrating tub filled with loose media through which flows a liquid chemical compound. The oscillation of the tub causes the small pieces of the
cleaning medium (metal pieces of different shapes) to move back and forth
and scrub the surfaces of the objects being cleaned. The recirculating
liquid flushes away the material removed by the scrubbing action. It thus
combines a mechanical scrubbing action with a chemical cleaning action.
The process is effective in cleaning external and internal surfaces, and
is also effective in cleaning threads and the interiors of holes, except
for very small ones. A feature that has made vibratory finishing such an
attractive mass-finishing technique in commercial industries is the ability
to achieve reproducible results on large volumes of material with minimal
operator labor requirements. This same feature makes vibratory finishing
an attractive decontamination technique for the nuclear industry.
Vibratory finishing is an extremely flexible process. It can
be used to remove gross radioactive contamination, paint, grease, rust,
scale and other forms of dirt. The process is effective on flat-surfaced
parts, the interior surfaces of pipe, parts with complex shapes, parts
with threads, and parts with holes. Vibratory finishing is also effective
on a variety of materials, including stainless steel, carbon steel, glass,
rubber, Plexiglas, Hypalon, and other miscellaneous plastics.
2. Experience. A wide variety of components and scrap metal
have been decontaminated using vibratory finishing technique9. In a
test conducted at a nuclear facility it was possible to decontaminate
up to 136 kg (300 lbs) of wrenches, hammers, screw drivers and other
tools in one hour using only one operator for part of the hour. A ball
channel inspection tool made of stainless steel, with rubber tubing
covering about two-thirds of its length, was decontaminated to lower
levels by using vibratory finishing. The radiation level on the tool
was reduced from 1500 to 70 mR/hr in a short time. Listed in Table I
below are results obtained using a 340 liter (12 ft 3 ) vibratory finisher,
steel media, and a recirculating solution handling system.
In another instance, approximately 15,000 kg (33,000 lb) of
uranium-contaminated molybdenum was decontaminated10. The molybdenum was
decontaminated from 500,000 dpra/100cm2 to less that 100 dpm/100 cm2
smearable,^with an average fixed contamination level of less than 500
dpm/100 cm2 and hot spots permitted to 2500 dpm/100 cm 2 . The processing
rate was 136 kg per hour. Decontamination processing was performed in
two steps using vibratory finishing for gross decontamination followed by
chemical cleaning. The decontaminated molybdenum was returned for reuse.
An additional benefit of the decontamination was the recovery of approximately 900g of 2 3 5 U .
Vibratory finishing techniques have been demonstrated to be
effective for reducing the radiation level of components from high radiation levels to lower radiation levels. Vibratory finishing is not
generally considered to be a decontamination technique that can decontaminate tools and equipment to releasable levels. It does, however,
usually remove all smearable activity from accessible surfaces at a
low cost and with very little secondary waste generation.
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TABLE I

Decontamination of Beta/Gamma-Contaminated Components
Using Vibratory Finisher with Steel Media 10

Component
Fuel Spacer
Fuel Spacer
End Cap

End Cap
Insert
Insert
Steel media

Initial
Outside Inside
800
300
200
200
500

150

10,000
1,500
5,000
1,000
—
—

Fixed Contamination, mrad/h
After 2 hr
After 1 hr
Outside Inside
Outside Inside
20
35
20
10

300
100

100
45
700
30
—
—

2,000
(counts/min)

25
25

75
25

10
10

100
28
—
—

250
130

1,000
(counts/min)

After 10 hr
Outside Inside

15

70

20
10
8

80
120
15
—
—

200
100
40C1

(counts/min)
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MARCH 28,1979 PLUS 42 MONTHS
OR
A STATUS REPORT ON THE TMI-2 CLEANUP PROGRAM
BY
HERMAN DIECKAMP,PRESIDENT
GENERAL PUBLIC UTILITIES CORPORATION
SEPTEMBER 22, 1982

The March 28, 1979 accident at TMI-2 startled the nuclear
world with the stark realization that reactor accidents were not
merely subjects for philosophical discussions, with such low
probability that they could be discounted. On the contrary, the
event increased our awareness of the reality of a serious accident and set off a chain of actions to improve safety by
capitalizing on the lessons learned at TMI 2. The accident also
initiated a second sequence of learning experiences about the
difficulty, the cost, and the regulatory and political burdens
of cleaning up after an accident.
The nuclear industry's exposure to these latter problems
has been more indirect. Thus, I would like to take this occasion
to give you, not a technical treatise on decontamination, but a
more general overview of the TMI-2 cleanup program including the
regulatory, the financial, and the public or political aspects
of the cleanup.
At this point at TMI-2, we are demonstrating that we can
meet the technical challenge of the cleanup. Developing a consensus among government and industry participants on a costsharing arrangement to finance the cleanup has been more
difficult.
However, since this is a technical meeting, let me begin
with a review of some of the major technical accomplishments to
date and the near-terra outlook for removal of the damaged core.
KRYPTON VENTING
The first major step toward gaining access to the damaged
reactor was the removal of about 44,000 curies of Krypton-85
from the containment building atmosphere. While the Company made
its first recommendations in November, 1979 to remove the KR85
by venting the containment building to the atmosphere, it was
not until the -'RC had completed an environmental impact statement, the Governor of Pennsylvania had had an independent
assessment conducted by the Union of Concerned Scientists, and
the local congressmen had conducted hearings on the relative
merits of alternative approaches including cryogenic trapping,
that approval was finally granted on June 12, 1980.

The Krypton was vented during a two-week period from
June 28 to July 11, 1980 under controlled conditions that involved specific meteorlogical constraints designed to achieve
an azitauthal dispersion and to limit the peak dose. The
resulting dose to the local population was limited, on a
computer-projected maximum basis, to 4.5 mrem skin and .0045
mrem wholebody. Over the two-week period of the venting, the
actual integrated beta skin dose based on cryogenic air samples
taken at the THI Observation Center, about 1/2 mile from the
plant, was 1.8 mrem. Actually, measured doses at all locations
were substantially below projected doses. The integrated
population dose of significance to health effects was less than
.03 person rem Gamma (whole body).On the other hand, the
venting reduced the immersion dose in the containment building
by about 200 rads/hr beta (skin) and 1600 mrem/hr gamma (whole
body).
AUXILIARY BUILDING WATER PROCESSING
The accident and its subsequent management produced significant quantities of radioactive water. Various tanks in the
auxiliary building contained approximately 500,000 gallons of
contaminated water containing 1 to 60 raicrocuries/cc of fission
products, mostly Cesium-137, Cesium-134 and Strontiuni-90. The
original construction of TMI-2 had included a facility in which
a steam generator decontamination system was to be installed. In
the summer of 1979, this facility was adapted to house a
portable demineralizer processing system designed to
decontaminate the accident generated water in the Auxiliary
Building. The system uses mixed organic resin beds and derives
its name, EPICOR II from the supplier.
Over a period of 13 months from November, 1979 to
December, 1980, 565,224 gallons of water were processed by
EPICOR II. The system operated with an overall decontamination
factor of 10? for Cesium and 10^ for Strontium. The operation
resulted in 43,100 curies of fission products being deposited
in 50 resin containers with loading varying from 160 to 2200
curies (including daughter products). Twenty-two more lightly
loaded containers (from less than 1 to 63 curies, daughter
products included) were also generated. The 22 lightly loaded
containers have been shipped to a commercial low-level burial
ground in Hanford, Washington. As of mid-August, two of the 50
more highly loaded containers had been shipped by the
Department of Energy for research and development purposes, and
the remaining 47 will also be shipped to DOE Laboratories. One
was shipped earlier to Battelle Columbus Laboratories for study.
CONTAINMENT WATER PROCESSING
Tne feed and bleed cooling of the reactor during the
day of the accident and subsequent leakage from the reactor
coolant system and other sources in the containment during
-2-
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and after the accident resulted ultimately in the accumulation o£ over 600,000 gallons of highly contaminated water in
the sump and basement of the containment building to a depth
of 8 1/2 feet. This water contained about 160 microcuries/cc
of fission products, predominately Cesium. Because of the
organic decomposition and hydrogen generation limitations on
the loading of organic resins and the resulting shipping and
disposal problems, it was decided in the fall of 1979 to use
Zeolite, an inorganic ion exchange medium, for the decontamination of the containment building water. Considerable
test and development work using actual containment building
water was conducted by the Oak Ridge National Laboratory to
determine the capability, and the most effective pretreatment,
of the Zeolite demineralizer beds to be used. Since the System
is located in the TM1-2 Spent fuel pool and uses water for
shielding, it became known as the submerged demineralizer
system (SDS).
Construction of the SDS began in March, 1980 and was
completed in July, 1981 at a construction cost of about $8
million. The system is capable of processing water at a rate
of 10 gallons per minute and has achieved a decontamination
factor of 10 s for Cesium and about 600 for Strontium, thus
reducing gross activity of the water processed by it to about
10~3 microcuries/cc. This SDS effluent has been further polished
by processing it through the EPICOR II system to remove
residual Strontium and Cesium, and isotopes for which Zeolites
are ineffective.
The containment building processing campaign began on
September 23, 1981 and was completed on March 5, 1982. The result has been the removal of about. 320,000 curies from the
containment building water and their encapsulation into 7
SDS Zeolite containers and 36 EPICOR resin containers.
The SDS and EPICOR systems have processed over one
million gallons of water, and captured over 400,000 curies
at an average cost, including disposal of about $80/curie.
The final processed water is stored on site in two
500,000 gallon tanks. The controlling residual contamination is
2000 curies, or approximately 1 microcurie/CC, of Tritium. This
water could be released under Appendix 1 after a dilution of
1,000. The total 2000 curies of Tritium is similar to the
quantity of Tritium from natural and weapons sources that is
contained in one year's flow of the Susquehanna River. The
water is being retained and controlled on site for recycling
use during the cleanup so as to minimize the total volume of
contaminated, accident-related water, and to minimize public
apprehension.
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In a July 15, 1980 Memorandum of Understanding with the
Nuclear Regulatory Commission, the U.S. Department of Energy
agreed to accept responsibility for the transportation, storage
and ultimate disposal of the highly loaded SDS containers. To
date, one has been removed fron the site and the balance are
expected to be removed by mid 1983, Interim storage is provided
on the site for the EPICOR and SDS containers in a shielded
storage facility that has been constructed since the accident.
REACTOR COOLANT PROCESSING
The reactor primary coolant system (RCS) contains 88,000
gallons that were contaminated to about 35 raicrocuries/cc total
activity, predominantly Cesium and Strontium in approximately
equal proportions. In order to reduce the hazards, associated
with spills of this water and to prepare for removing the
reactor vessel head, we began processing the primary reactor
coolant water via the SDS in May, 1982. While the other water
volumes have been processed in a once-through mode, it is
necessary to process the RCS in a batch feed-and-bleed mode.
About five RCS volumes must be processed in this manner in
order to achieve the 1 microcurie/cc target established for
reactor coolant water decontamination. To date we have processed three volumes and are planning to complete the RCS
cleanup in late 1982.
Processing results thus far • continue to confirm SDS
system effectiveness as anticipated for Cesium and Strontium
removal, but also show evidence of continuing reintroduction
of Strontium into the RCS with equilibrium Strontium concentrations very close to their initial levels. This phenomenon,
apparently a further solution of available Strontium, is being
evaluated and may influence RCS cleanup plans.
CONTAINMENT ENTRIES
The first manned entry into the TMI-2 containment
building was achieved on July 23, 1980 and lasted for 20
minutes. The initial entries were for the purposes of
characterizing the environment and generally observing evidence
of damage from the accident. Since that time there have been
80 (as of 8/12/82) entries that have totaled 1064 manhours in
containment with an integrated exposure of 240 man rem. In March
of this year, a major experimental effort to wash down and thus
decontaminate two of the operating levels within containment
was conducted. Processing of the containment building water and
the surface decontamination effort has reduced radiation levels
somewhat.
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The Containment Building remains contaminated to a degree
which severely hampers productivity in recovery tasks. The
most severely contamined area is the basement elevation, which
(as noted above) was flooded for three years with fission product-laden water, and which also contains other significant
radiation sources such as the Reactor Coolant Drain Tank. Complete characterization of that elevation has not yet been
possible, but whole body dose rates in the neighborhood of
25 r/hr have been measured at the base of the stairway (the
only accessible point at this time) and are considered to be
generally characteristic of that elevation.
The grade elevation (305'), operating floor (347'), and
polar crane platform near the dome ceiling present much less
of a radiation hazard at this time, exhibiting general area
whole body dose rates in the range of 100 to 500 mr/hr, with
some local area hot spots as high as 5 r/hr. There is substantial surface contamination on these elevations as well, with
measured loose (smearable) contamination in the range of 104 to
1Q5 DPM/100cm2 at the 305' elevation, and higher by one or
two orders of magnitude at the upper elevations. Further
surface decontamination is in progress.
Because of these conditions, workers in-containment are
required to wear multiple layers of protective clothing and
respirators, and to utilize alarming digital dosimeters and
other protective measures. As building characterization and
decontamination efforts continue to improve in-containment
radiological conditions, we can expect such restrictions to be
relaxed and productivity to be improved accordingly. Experience
to date has indicated that each man hour of effort in
containment requires 50-100 manhours of planning, training, and
support.Activities are in progress to reduce this support
requirement by about a factor of two. On the other hand
experience has shown that the effectiveness of workers in
containment is better than expected because of the extensive
mockup and training effort.
CORE "QUICK LOOKS"
In July and August of this year, three remote TV entries
into the reactor vessel were completed. A small camera, about
1 1/4" diameter, has been inserted through control rod penetrations in the reactor vessel. These TV explorations have revealed
that the extent of core damage is within the range of analytic
predictions: namely, in the central region, the upper five feet
of the fuel assemblies has been reduced to rubble, at the outer
edges of the core the elements are more nearly intact, the
underside of the core plenum/fuel hold-down structure does not
reveal gross distortion, and the oxidized Zirconium fuel tubes
and fractured pellets lie in a loose mass on top of the less
damaged fuel. These pictures are providing useful information
relative to the reactor disassembly and on the range of special
tooling that will be necessary to excavate the core.
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As we look forward, the next, major uUescuiies are reactor
vessel head and reactor vessel plenum structure removal. These
operations are awaiting ref urbishinent of the containment
building polar crane. We would hope to be able to remove the
vessel head by mid-1985. The following 18 months should see the
removal of the fuel from the reactor vessel. The removed core
materials, whether rubble or partial elements, will be canned,
transferred to the fuel storage pool, and removed from the site.
In April, 1982, the Department of Energy entered into an agreement with the Company and the State of Pennsylvania to accept
responsibility for the transportation., storage and disposal of
the TMI-2 fuel.
ORGANIZATION
Since the accident, GPU has combined all of its nuclear
activities into one organization, GPU Nuclear Corp. (GPUNC),
which has as its sole responsibility, the safe and'efficient
conduct of all nuclear operations for the Company. The GPU organization is organized' around a Vice President in charge of operating
each plant. Oyster Creek, TMI-1, and TMI-2, and Vice Presidents in
charge of key services such as health physics, engineering, quality
assurance and training, and administration providing support to
each plant.
The total operation at TMI-2 fulfilling the license
obligations under the technical specifications and the cleanup
tasks, involve?, the full-time effort of 570 GPU Nuclear personnel and 360 contractor personnel, as of June, 1982.
Shortly after the accident, GPU acquired the services of
the Bechtel Corporation to assist in the management and conduct
of the cleanup program. We recognized that the cleanup would require far more personnel and management resources than GPU could
provide alone and we did not view the job as one that would
justify building the cleanup capability internally. Over the
past three years, the organization at TMI-2 has evolved to a
joint effort between GPUNC and Bechtel with GPU Nuclear taking
the lead on plant operations under the tech specs and Bechtel
taking the lead on containment cleanup and defueling. The senior
man in charge of TMI-2 and reporting to the office of the president of GPU Nuclear is a Bechtel employee. His staff includes a
combination of GPU Nuclear and Bechtel employees to establish
an integrated team with minimal organizational impedances.
As part of the overall management concept, we have established a Safety Advisory Board made up of senior experienced
personnel from academic, government and industry settings. This
group has free access to all activities at TMJ.-2 and has a
charter to seek out major areas of safety concern. The group includes specialists with such diverse backgrounds as the space
program, probalistic risk assessment, medical effects of
radiation, decision analysis, etc.
GOVERNMENT INTERFACE
Since the accident the Nuclear Regulatory Commission
(NRC) has maintained a site office which at this time consists
of 16 personnel assigned to TMI. The duties of the site office
are to monitor activities, approve plans and procedures that
fall within the range of the NRC's Programmatic Environmental
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Impact Statement, and to provide a communications link directly
to NRC headquarters in Washington. The Programmatic Environmental Impact Statement (PEIS) was completed by the NRC and its
contractors and, after comment, was issued in March, 1981. This
assessment evaluated the potential environmental impact of the
expected cleanup operations, assuming a range of alternative
approaches. As mentioned above, the PEIS provides on a continuing basis a framework for approval of the cleanup tasks. The
norraal licensee responsibilities remain defined under a modified
set of technical specifications for the plant. The tech specs
have been changed to delete those systems and associated procedures that are no longer needed to assure the safety of the
plant in its post-accident condition. On the other hand, the
tech specs have been made more restrictive in the area of
radioactive releases to the environment. Specifically, they
prohibit the discharge of EPICOR II processed water, reactor
building sump water and reactor coolant system water until a
disposal method is approved by the NRC.
A measure of the involvement of the NRC in the day-today cleanup operations is provided by the fact that 20-30,000
pages of procedures have been submitted for approval during the
past three years. The NRC has also assembled an Advisory Panel
consisting of local citizens and national-level experts
including some prominent intervenors. This panel has reviewed
such issues as the disposition of low and high level wastes and
resins, occupational exposure, the Submerged Demineraliser System, financing, health effects to the public and the
environment, and has made recommendations to state and federal
officials on specific cleanup activities.
The U.S. Department of Energy (DOE) has taken a continuing interest in the cleanup program. The agreements to take responsibility for SDS containers and for the fuel are significant
contributions to the total program. Beyond their physical and
monetary value, these agreements have provided area residents
with an important degree of assurance that the plant will not
remain a waste respository for an undetermined period. In addition to the off-site efforxs associated with the wastes, the
DOE has funded a number of tasks at the plant including components of numerous containment entries (tests of decon
methods-- strippable coatings, various detergents), the use of
a "robot" to sample a high-radiation cubicle in the auxiliary
building, and the "Quick Look" camera inspections.
A .significant contribution of the DOE has been to make
availabile a group of knowledgeable personnel from government
laboratories and contractors to enable the most effective access
to available technology. This group is called the Technical
Assistance and Advisory Group (TAAG). It has most recently been
very instrumental in its support of the "Quick Looks".
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THE PUBLIC RELATIONS ENVIRONMENT
'
We are working in a public opinion climate of
ever-present concerns over nuclear safety -- concerns that relate both to activities at TMI and to media reports on problems,
or perceptions of problems, at nuclear plants generally. It is
a difficult climate in which to gain understanding of the
reality of operations at TMI.
The basic "public relations" problem is that there is
still a dismaying level of preoccupation with the Unit 2 accident, and far too little understanding of the lessons that were
learned from the accident and how they are being applied at
Three Mile Island and throughout the nuclear industry.
As it was perceived through the media, the Unit 2 accident was certainly a traumatic event. GPU has acknowledged, and
been chastened by, its inability to cope with the demands for
information as the accident unfolded. The initial lack of insight into the severity of the accident prevented us from providing an adequate description of plant conditions. A costly loss
of credibility was the result.
But we have moved on from that searing experience. To insure professional capability for handling the external communications in the future, we have equipped GPU Nuclear with a
strong emergency management group and a new Communications Division staffed heavily with former newspaper and television professionals. It's their responsibility to provide timely, accurate, straightforward information on the plant in connection
with ongoing operations or any emergency situation.
In addition, we have greatly increased the accessibility
of TMI to the public. We have welcomed more than 200,000 people
to the TMI Visitors Center since the Unit 2 accident and have
taken more than 16,000 people -- including local, state and
national government officials and media representatives -- on
extended tours of Units 1 and 2.
In addition to our on-site tours, we are making heavy
use of a Speakers Bureau, direct mail, regular contacts with
local and county officials, a series of paid television advertisements, and regular liaison with church, women's, and civic
groups.
In the wider arena, we have made considerable progress in
rebuilding our credibility among members of the media who cover
TMI on a regular basis. Unfortunately, however, our efforts to
inform the public are subject to occasional, careless or sometimes irresponsible reporting of events by some members of the
media.
We must persist, however, in attempting to communicate
with the public. The future of TMI and nuclear energy won't be
decided in a context of months, or even years. Public opinion
polls indicate that a sizable minority of the people around
-8-

Three Mile Island continue to be opposed to nuclear energy and
will not easily be convinced that it represents an acceptable
risk,. But there is also a gratifyingly large group of people,
probably the majority, who have reasonably open rainds and who,
given the facts on TMI, seem amenable to accepting the concept
of safe operations. For perspective, in general we have found
the sentiment in the immediate area around TMI running about
6-8 percentage points more negative than national opinion.
Our job is to work patiently at enlarging our support
group by conducting the Unit 2 cleanup efficiently and responsibly, and by informing the public on what we are doing every step
of the way.
FUNDING
In August, 1980 it became clear that the costs of dealing
with the accident would far exceed the Company's resources. In
July, 1981, we estimated that the cleanup program, including the
immediate response to the accident, would cost about $1 billion
and that $760 million would be required beyond 1981, For the
bulk of the time since the accident, the prime source of
funding hasbeen the $300 million of property damage insurance
that was in place at the time of the accident. While many
immediately said that these costs should be shared by all
participants in nuclear power including the government, there
was a reluctance to commit to the concept or to allocate shares.
In July of 1981, Governor Thornburgh of Pennsylvania made
the following bold proposal: The $760 million should be divided
equally between national and local interests and the national
half should be divided equally between the federal government
and the utility industry, i.e.:$190 million each. In September
of 1981 the Edison Electric Institute Board of Directors voted
to support what had become known as the Thornburgh Plan. Since
that time there has been an intensive effort to gain legislative
support for these contributions from the U.S. utility industry.
On October 19, 1981, the Reagan Administration announced
a plan to expend $123 million in the next three years in support
of the R^D values of TMI-2 . Since about one-half of these
monies go to supporting offsite efforts conducted by the DOE,
it is estimated that the net contribution from the federal
government that has been thus far indicated is about $65-70
million. We are hopeful that continued budget actions can bring
the federal contribution closer to that suggested by the Thornburgh Plan.
The half identified by Governor Thornburgh to come from
local sources included the then remaining insurance, grant back
of incremental gross receipts taxes received by the states of
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Pennsylvania and New Jersey, and the remainder, about $250 raillion, from the Company. In July of 1982, the New Jersey Board
of Public Utility Commissioners granted the Company rates which
include New Jersey's 25 percent portion of the $250 million. In
August of 1982, the Pennsylvania Public Utility Commission
granted the Company rates that include about 60 percent of the
Pennsylvania's 75 percent portion of the $250 million. We expect Pennsylvania rate-making to provide the full Thornburgh
level during our 1983 rate cases.
The ability of the Company to fund the cleanup has been
severely limited by the financial impact of the accident. The
Company has had to impose severe economy measures and strict
management controls in order to balance the public interest in
two demanding responsibilities, namely the continuation of reliable electric service and the safekeeping and cleanup of
TMI-2, The financial uncertainties created by the accident
and the response of our state rate regulators has been to
severely restrict internal cash generation, to nearly eliminate
earnings and thus credit worthiness, and to eliminate access to
the permanent capital markets. The limited cash available from
internal sources and a restricted revolving credit agreement
has had to be largely devoted to maintaining electric service
to our customers. The cleanup has been primarily funded by
insurance.
Thus far, the expenditures at TMI-2, from the date of the
accident through June 1982, have totaled about $290 million.
These monies have been spent for: accident response, the first
9 months -- $90 million; "normal" operations and maintenance -$50 million; direct cleanup, support services and waste disposal -- $110 million, and facilities -- $40 million. The
sources of funds for these expenditures have been: Insurance-$240 million; GPU Stockholders -- $38 million; retained for
future reimbursement under the Thornburgh Plan - $8 million,
and DOE -- $5 million.
As we look forward and attempt to project the runout of
the remaining insurance and the funding that will ultimately
be available frora the above sources, we expect to be able to
move the program from its current $70 million-a-year level to
about $100 million-a-year in 1984. During the balance of this
year the TMI-2 staff is reassessing the program logic and
approach and will redefine a program that is consistent with
the indicated funding. A final decision on restoring the plant
to service has been delayed until the fuel is removed, significant general decontamination has been completed, and we have
had an opportunity to assess the integrity of the major components of the nuclear steam supply system.
CONCLUSION
While we undoubtedly face many learning opportunities as
we go forward with the cleanup at TMI-2, we can already identify
a number of critical learnings.
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1. The cleaning up after an accident with significant
core damage and fissionproduct release is very costly.
The cost derives not only from the inefficiency of using
man in a hostile environment, but also from the
regulatory, political, and public acceptance constraints
that permeate nuclear activities, especially in a postaccident environment.
2. The cost of the plant is no measure of the insurance
requirement. The TMI-2 accident has clearly shown that
decontamination can be the dominant consideration apart
from property loss. The U.S. industry has recognized
these realities and has moved to m: ke available up to
about one billion dollars of nuclear insurance plus
added coverage for the derivative effect of replacement
power. Separate and apart from the adequacy of coverage,
insurance is a mechanism for sharing accident costs among
the beneficiaries of nuclear power - a concept that we
have been struggling to achieve.
3. An accident produces a regulatory sensitivity that
results in cleanup constraints that undoubtedly swing
the pendulum too far to the conservative side at the
expense of a protracted cleanup and extended public
exposure to real or perceived risks.
4. An accident produces a degree of political hostility
that places the plant owner(s) in an embattled position
and makes problem solving very difficult for both the
ownerCs) and its utility regulators. Hopefully, increased insurance can somewhat decrease the impact of
this real effect such that both cleanup and continued
customer services can be adequately funded and better
assured.
5. An accident produces a public mistrust that results
in acute public and media interest. The combination of
unplanned events, a complex technology, and a sensitized
public presents an extreme public relations challenge.
This same challenge, to achieve and maintain public
acceptance, is critical to all nuclear operations, but
is even more demanding in a post-accident, clean up
environment.
Returning to the technical theme of this meeting, I would
observe that the technological ingredients of a cleanup program
exist, but the task of assembling those ingredients into an
overall start to finish effort, ensuring that a reasonable
balance between cost, schedule, and risk has been achieved, and
the selling of the resulting program to the regulators and the
body politic is a demanding and unprecedented task. However, in
closing, let us all take the pledge to ensure that accident
cleanup remains non-routine.
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